Conclusions-Many children with mild subaortic stenosis exhibit little progression of obstruction or AI and need not undergo immediate surgery. Others with more severe subaortic stenosis may progress precipitously and will benefit from early resection despite risks of surgical morbidity and recurrence. (Heart 1999;82:708-713) 
Fixed subaortic stenosis is an uncommon form of left ventricular outflow tract obstruction (LVOTO) whose natural history and optimal management remain unclear. Subaortic stenosis can be divided into discrete and tunnel forms. 1 The former type is more common and consists of a fibrous ridge alone or is associated with a muscular base located below the aortic valve in the left ventricular outflow tract. [1] [2] [3] [4] [5] In about half of the cases subaortic stenosis occurs in isolation, although it can be associated with other cardiac malformations. 1 4-6 Subaortic stenosis seems to be acquired as it has only rarely been reported in neonates, 7 8 and has been diagnosed after previous documentation of a "normal" left ventricular outflow tract. 9 10 A higher incidence of subaortic stenosis has been noted in males. 4 11-15 A genetic influence is suggested by reports of familial cases 16 17 and by genetic studies in the Newfoundland dog. [18] [19] [20] The severity of subaortic stenosis has generally been felt to be progressive, 1 4 11 21 although some cases remain stable for many years. 12 Aortic valve insuYciency (AI) is common with subaortic stenosis and may also be progressive. 1 13 22 A high incidence of infective endocarditis has been previously reported, 1 11 19 23 although this was not the case in a recent large series. 12 Surgical resection of subaortic stenosis has generally resulted in satisfactory relief of LVOTO 1 3 4 21 and a reduced incidence of infective endocarditis. 1 Unfortunately the progression of AI may not be arrested by surgical resection of subaortic stenosis. 1 21 24 Surgery for subaortic stenosis carries a low risk of mortality although recognised morbidities include complete heart block, damage to the aortic or mitral valves, as well as the creation of a ventriculoseptal defect. 4 12 21-23 25 26 In addition a recurrence rate of 7-27% has been reported in various series. 21 24 26-30 The optimal medical management and timing of surgery for isolated subaortic stenosis remains controversial. Surgical resection at diagnosis, regardless of the degree of LVOTO, is advocated by some because such an obstruction is regarded as being progressive with increasing risk of aortic valve damage and infective endocarditis. 3 4 11 21 25 28 31 However, data regarding the natural history of subaortic stenosis are generally limited to series involving patients who have ultimately come to surgical attention 1 21 24 25 27 28 or that include patients with additional cardiac malformations. 1 3-5 22 23 25 27-29 Other series include many patients who were diagnosed by angiography before the advent of good quality two dimensional echocardiographic imaging and colour Doppler technology. 1 3 4 11 12 23 25 27-29 32 Thus the management of patients with isolated subaortic stenosis diagnosed today is largely based on previous experience with cases that were likely to be exhibiting more severe LVOTO complicated by associated cardiac malformations.
In this retrospective multicentre review of data collected between 1985 and 1998 at five paediatric referral centres in eastern Canada we have sought to document the natural history of isolated discrete subaortic stenosis in children in terms of LVOTO and AI. In those patients operated on for subaortic stenosis we have also examined the results of surgery as well as its associated morbidity. Our data represent the largest series of paediatric patients with isolated discrete subaortic stenosis diagnosed and followed in the era of high quality echocardiography and colour flow Doppler technology.
Methods

PATIENT SELECTION
The hospital records for the years 1985 to 1998 of five tertiary care paediatric cardiology centres in eastern Canada (Montréal Children's Hospital, Montréal; Hôpital Ste Justine, Montréal; Children's Hospital of Eastern Ontario, Ottawa; Centre Hospitalier de l'Université Laval, Québec; Izaak Walton Killam Children's Hospital, Halifax) were reviewed retrospectively. Data were included for children diagnosed with subaortic stenosis consisting of either a thin ridge or a thicker but discrete obstruction with a muscular base, 1 without additional intracardiac malformations apart from a non-stenotic bicuspid aortic valve.
DIAGNOSTIC PROCEDURES AND SURGERY
Echocardiography was performed and/or reported by paediatric cardiologists. All of the institutions were equipped with colour Doppler technology during the study period. Pulsed and continuous wave Doppler techniques were used to measure the peak flow velocity across the left ventricular outflow tract. The peak instantaneous echocardiographic left ventricular outflow pressure gradient (echograd) was calculated using the simplified Bernoulli equation. 33 Doppler colour flow mapping was used to grade AI as absent, mild, moderate, or severe.
Cardiac catheterisation was performed in 28 patients. The peak to peak gradient across the left ventricular outflow tract (cathgrad) was measured by catheter pull back or by simultaneous left ventricular and ascending aorta pressure monitoring. The presence and severity of AI was assessed from biplane angiography.
Surgery was performed at five institutions by 12 surgeons over a 14 year period.
STATISTICS
Age, length of follow up, echograd, and cathgrad are expressed as mean (SEM). Significant diVerences between two group means of these variables were evaluated by a two tailed t test. Fisher exact test analysis was used to compare the presence of AI with the presence of a bicuspid aortic valve. Simple linear correlation analysis was performed on the preoperative echograd and cathgrad. Two way analysis of variance was performed on the data concerning the echograd at diagnosis and at later follow up of those patients who did not undergo an operation and those who were subsequently operated on. One grouping factor was the treatment (no operation versus subsequent operation) while the other was the time of assessment (diagnosis versus later follow up, with repeated measurements). Post hoc pairwise means comparisons were made using the Tukey multiple comparisons test. Multiple regression analysis was performed with the outcomes of: echograd at late or preoperative follow up; the presence of AI at late or preoperative follow up; the presence of AI at late postoperative follow up; and operation. The independent variables included: age at diagnosis; sex; institution; length of follow up; echograd at diagnosis; echograd immediately postoperatively; presence of AI at diagnosis; presence of AI immediately preoperatively; and the presence of a bicuspid aortic valve. The null hypothesis of no eVect was rejected at p < 0.05.
Results
SUBJECTS
Ninety two children were diagnosed with subaortic stenosis. The mean age at diagnosis was 5.3 (0.4) years. The male to female ratio was 1.6:1.
NATURAL HISTORY OF THE COHORT
The mean echograd at diagnosis in 88 of 92 children was 30 (2) mm Hg. AI assessed by colour Doppler was absent in 68 patients and was graded as mild in 19 patients. A bicuspid aortic valve was noted in 13 of 92 patients. The presence of AI was independent of the finding of a bicuspid aortic valve.
The cohort of patients was followed medically and 68 of the children were reassessed echocardiographically 3.6 (0.3) years after diagnosis. In these patients the mean echograd had increased from 25 (2) mm Hg at diagnosis to 35 (3) mm Hg (fig 1) . In all of these patients subaortic stenosis remained discrete. The incidence of AI (all mild) increased from 12/68 (18%) to 36/68 (53%) (fig 1) . There was no association between the presence of AI and a bicuspid aortic valve.
Cardiac catheterisation was performed on 28 of the patients 1.5 (0.4) years after diagnosis. The mean cathgrad was 50 (6) mm Hg. AI assessed angiographically was mild in 17 patients and absent in 11 individuals. Eighteen of these 28 patients were assessed echocardiographically within six months (2.4 (0.5) months) of their cardiac catheterisation. In these patients the mean cathgrad was 45 (8) mm Hg and the mean echograd was 58 (9) mm Hg. There was a significant correlation between these two variables (r = 0.85) (fig 2) . AI was graded by angiography as mild in 12 patients and absent in the rest, and by echocardiography as mild in 11 patients and absent in seven. There was agreement between angiographic and colour Doppler assessment of AI in 13 of 18 cases.
RESULTS OF SURGERY
Forty two patients underwent excision of their subaortic ridge as well as a wedge resection of underlying left ventricular outflow tract muscle 2.2 (0.4) years after diagnosis. In 25 of the 42 patients operated on, echocardiographic reassessment was performed 0.4 (0.1) years before surgery. In these patients the echograd was 58 (6) mm Hg. AI was mild in 19 patients and absent in six. In only four of the patients with AI was the echograd < 40 mm Hg. In 17 patients echocardiography was not repeated preoperatively. Echocardiography in six of these patients at diagnosis had shown an echograd of 50 (15) mm Hg, with mild AI in three of these patients. In 11 other patients cardiac catheterisation was performed 0.5 (2) years before surgery and showed a cathgrad of 53 (10) mm Hg, with mild AI in six of these patients. In all 42 patients the operative findings were of a discrete subaortic stenosis. Echocardiography before hospital discharge in 39 of 42 patients showed a significant reduction in the echograd to 16 (3) mm Hg. AI was absent in 13 patients, mild in 25, and moderate in one patient. The patients operated on were followed for 3.7 (0.4) years, with echocardiographic assessment in 38 of 42 patients showing an average echograd of 26 (4) mm Hg. AI was absent in seven patients, mild in 27, moderate in two, and severe in two patients. The presence of AI either preoperatively or postoperatively was independent of the presence of a bicuspid aortic valve.
There was no surgical mortality after primary resection of subaortic stenosis. Two patients required placement of permanent cardiac pacemakers for complete heart block. A prosthetic aortic valve was placed in one patient for severe AI noted postoperatively, and a prosthetic mitral valve was placed in another patient for severe mitral insuYciency also noted postoperatively. Surgery resulted in small restrictive iatrogenic ventricular septal defects in two patients.
Eight patients required reoperation for recurrent subaortic stenosis 4.8 (0.9) years after their first operation. The initial surgery had provided good relief of their subaortic stenosis with postoperative echocardiography showing an echograd of 25 (11) mm Hg, with mild AI in four patients and none in four. However, echocardiography 3.8 (0.7) years postoperatively showed the echograd to have increased significantly to 53 (11) mm Hg, with no AI in three patients, mild AI in four, and severe AI in one. In seven patients the recurrent subaortic stenosis remained of the discrete form. Three of these patients underwent excision of the recurrent subaortic ridge as well as a wedge resection of underlying left ventricular outflow tract muscle, three others underwent simple resection of the recurrent subaortic ridge, and one patient with severe AI underwent a Konno procedure with placement of a prosthetic aortic valve. The latter patient died during the immediate postoperative period. One patient was reoperated on for a diVuse tunnel obstruction (modified Konno and Ross procedures). One patient underwent a third operation for recurrence of subaortic stenosis, this time of the tunnel form, and required a mechanical aortic valve prosthesis.
SUBACUTE BACTERIAL ENDOCARDITIS
Subacute bacterial endocarditis was not diagnosed in any patient during the study period. This included 249 patient years of follow up without any surgical intervention.
COMPARISON OF PATIENTS MANAGED MEDICALLY AND SURGICALLY
Forty four children were followed medically and never operated on while 42 ultimately underwent surgery. There was no diVerence in the age at diagnosis (5.5 (0.6) v 5.0 (0.6) years) or in the male to female ratio (1.6:1). However, the echograd at diagnosis in those followed medically was significantly less than in those ultimately operated on (21 (2) v 40 (5) mm Hg). The children followed medically were last reassessed echocardiographically 4.1 (0.4) years after diagnosis, while 25 of 42 patients subsequently operated on were last reassessed echocardiographically before surgery 2.7 (0.5) years after diagnosis. The inter- val between diagnosis and the last reassessment in those never operated on was significantly greater than the time from diagnosis to surgery in those ultimately operated on. In those who never underwent surgery the echograd did not change significantly (21 (2) v 23 (2) mm Hg), while in those who were subsequently operated on the echograd increased significantly (41 (5) v 58 (6) mm Hg), and was significantly greater than the echograd at the last follow up in those not subsequently operated on (58 (6) v 23 (2) mm Hg) (fig 3) . The proportion of patients with AI at diagnosis as well as at follow up was considerably greater in those subsequently operated on (34% (13/38) at diagnosis v 76% (19/25) at follow up) compared to those followed only medically (14% (6/44) at diagnosis v 40% (17/43) at follow up).
Figure 1 Echocardiographic assessment of left ventricle (LV) to aorta (Ao) gradient (mm Hg on left vertical axis) and aortic insuYciency (AI) (patient number on right vertical axis) in 68 patients at diagnosis and again at the last medical follow up (n = 44) or before surgery (n = 24) versus age in years (horizontal axis). Peak instantaneous left ventricular outflow tract gradient is indicated by the solid points and line (bars represent SEM). The number of patients with AI is indicated in the bar graphs.
Comparison of the eight patients who required reoperation with the remainder of the patients operated on showed that there was no diVerence in age at diagnosis (5.6 (1) v 4.9 (0.7) years). However, the echograd at diagnosis was significantly greater (66 (10) v 34 (5) mm Hg), although the period between diagnosis and initial operation was significantly shorter (0.5 (0.2) v 2.5 (0.4) years).
MULTIPLE REGRESSION ANALYSIS
Multiple regression analysis of the data showed that the echograd at diagnosis was predictive of subsequent progression of the echograd. The length of follow up, age at diagnosis, and sex were not predictors of echograd progression. The echograd at diagnosis was predictive of new AI at subsequent follow up (odds ratio 0.95, 95% confidence interval (CI) 0.91 to 0.99). The age at diagnosis, length of follow up, presence of a bicuspid aortic valve, or sex were not factors in the appearance of new AI. The odds of having surgery were influenced by the echograd at follow up (odds ratio 1.25, 95% CI 1.08 to 1.44) which was itself predicted by the echograd at diagnosis. The age at diagnosis, length of follow up, presence of AI, or sex were not predictive of having surgery. The chance of AI at late postoperative follow up was predicted by the presence of AI preoperatively (odds ratio 0.18, 95% CI 0.04 to 0.88). The echograd at early as well as at late postoperative follow up, the presence of a bicuspid aortic valve, age at diagnosis, sex, and the length of postoperative follow up were not predictive of late postoperative AI.
Discussion
An important management concern in regard to patients with subaortic stenosis has been progression of LVOTO and the development of AI. The medical follow up and the timing of surgery has been strongly influenced by the impression of almost inevitable progression in this regard. 1 9 11 21 Our findings indicate that a large proportion of patients diagnosed with mild subaortic stenosis at our centres over a recent 14 year period had little progression of LVOTO. Other patients with more significant subaortic stenosis showed notable and rapid increases in LVOTO. Although we found a major incidence of AI at diagnosis that increased with time, this AI remained mild in all of our patients during medical follow up. The echograd at diagnosis was predictive of the progression of LVOTO and of the appearance of new AI. Similar findings have been reported by deVries and colleagues. 12 However, other older reports based on cardiac catheterisation data have shown that LVOTO progresses notably, as was seen in some of our patients, in almost all patients of particular series. 1 9 11 This may reflect a previous bias towards selection of patients with more severe obstruction introduced by the need to perform cardiac catheterisation to diagnose subaortic stenosis. The possibility that our patients have been followed for too short a time to allow development of significant LVOTO seems unlikely since those whose left ventricular outflow tract gradient increased considerably in our series were followed for a shorter period of time than those whose gradient did not change significantly. Our findings suggest that progression of LVOTO and development of significant AI is not inevitable in a substantial number of children with discrete isolated subaortic stenosis.
The indication for surgery in patients with subaortic stenosis has been the relief of LVOTO and the prevention of AI. 33 The vast majority of our patients had good relief of their LVOTO as has been reported in numerous previous series.
1 3 4 21 However, surgery did not have a beneficial impact on AI as both the incidence and severity of AI increased after surgery. Similar findings have been reported by leading cardiac centres. 1 11 24 Whether this is a result of the natural evolution of these patients, surgical intervention, or a combination of the two is diYcult to determine. However, our finding that AI at late postoperative follow up was predicted by the presence of AI preoperatively suggests that surgery had little beneficial impact on the function of insuYcient aortic valves.
As has been previously reported, 21 26-28 a small but significant proportion of our patients experienced recurrence of LVOTO. Our observation is that these patients had more severe LVOTO at diagnosis than the other patients operated on, which is in agreement with the findings of Brauner and colleagues. 21 These children may represent a subset of patients with more severe and diYcult pathology. An important finding in our series was the significant incidence of surgical morbidities such as complete heart block, iatrogenic ventricular septal defect, and the need for valve replacement. These morbidities are known risks of surgical resection of subaortic stenosis, and their incidence is comparable to previous reports. 4 12 21-23 25 26 Nevertheless such risks must be placed in the context of largely asymptomatic patients, many of whom may be referred for surgery prophylactically.
Of interest is our finding of a significant correlation between the peak instantaneous left ventricular outflow tract gradient obtained by Doppler echocardiography (echograd) and the peak to peak gradient measured at cardiac catheterisation (cathgrad). Similarly good correlations between these measures of LVOTO have been reported previously. 34 35 There is no doubt that the two techniques measure diVerent aspects of a pressure gradient and are not always interchangeable, with a tendency of Doppler echocardiography to overestimate the peak to peak gradient measured at cardiac catheterisation that is particularly notable at low gradients. 34 35 This tendency is evident in our own results as a rightward shift of the relation between the cathgrad and echograd. Nevertheless our data show that the echograd directly reflects the severity of LVOTO. The finding that in those patients whose LVOTO will progress this occurs in a significant fashion, as well as the good correlation found between echocardiographic and angiographic assessment of AI, calls into question the necessity of cardiac catheterisation.
Bacterial endocarditis has been considered an important risk in the setting of subaortic stenosis. 1 11 19 23 No patient in our study experienced bacterial endocarditis, suggesting that the risk in patients with subaortic stenosis is possibly less than previously feared. However, the total patient years of medical follow up in our study is small (249 patient years) and, despite the freedom of our patients from bacterial endocarditis, their risk of bacterial endocarditis may nevertheless be similar to other moderate risk groups-that is, 40-500/ 100 000 patient years. 36 An important strength of this study is that it represents the largest series of paediatric patients with subaortic stenosis that have been followed from diagnosis onwards. Numerous previous studies have involved only patients that have ultimately come to surgical attention and/or that have had additional structural cardiac lesions. 1 3-5 21-25 27-29 Our patient cohort is also unique because they all have been followed in the era of high quality echocardiography/ Doppler technology. This contrasts with most other series that have included many patients diagnosed only by cardiac catheterisation. Finally, because of the health care system in place in Canada it is very likely that this series of patients represents almost all children diagnosed with subaortic stenosis in eastern Ontario, Québec, New Brunswick, Prince Edward Island, and Nova Scotia. Census data from 1998 indicate a population of over 10 million in this region, with some 1.75 million children aged 0-14 years. 37 Some limitations of this work must be recognised. Although this is the largest series of its type the number of patients is small. In addition they have been followed at several institutions by numerous cardiologists and surgeons. These limitations arise from the relatively rare nature of subaortic stenosis. The inclusion of data from multiple institutions has prompted us to study only a relatively few robust measures. More detailed analysis of the left ventricular outflow might have given insight into the evolution of this lesion in our patients. 38 For instance it has been suggested that the distance of the subaortic ridge from the aortic cusps is important in the development of AI, 39 while recent work indicates that the alignment of the interventricular septum relative to the aorta may be important in the development of subaortic stenosis. 40 41 Such analysis would have required a more uniform and prospective approach. A further limitation is the relatively short period of follow up for these patients. This is the result of our decision to study only patients diagnosed since the use of modern echocardiography/Doppler equipment in order to make our study applicable to current practice.
In conclusion, our data indicate that many children with mild discrete subaortic obstruction experience little progression over several years. Similarly mild AI in these children may remain mild for some time. We feel that such patients can be safely followed medically with the aid of echocardiography and need not be referred for immediate surgery. However, there are patients who present with important LVOTO that will progress sometimes rapidly, who will benefit from surgery. Thus the management of children with discrete isolated subaortic stenosis must involve careful and frequent assessment by the paediatric cardiologist and the close collaboration of the paediatric cardiac surgeon.
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